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ABSTRACT
Using a microarray that tiles all known yeast non-
coding RNAs, we compared RNA from wild-type
cells with RNA from mutants encoding known and
putative RNA modifying enzymes. We show that at
least five types of RNA modification (dihydrouridine,
m
1G, m2
2G, m
1A and m6
2A) catalyzed by 10 different
enzymes (Trm1p, Trm5, Trm10p, Dus1p-Dus4p,
Dim1p,Gcd10pandGcd14p)canbedetectedbyvirtue
ofdifferentialhybridizationtooligonucleotidesonthe
array that are complementary to the modified sites.
Using this approach, we identified a previously
undetected m
1A modification in GlnCTG tRNA, the
formation of which is catalyzed by the Gcd10/Gcd14
complex.
INTRODUCTION
Many cellular RNAs are subject to covalent modiﬁcation,
providing a means to expand the chemical repertoire of the
four bases. The modiﬁcations are diverse and include methyl-
ation of base and sugar functional groups (1,2), deamination of
adenosine and cytosine residues (3), conversion of double to
single bonds (4) and changing the nature of glycosyl and
hydrogen bond functional groups (5). Modiﬁed RNAs include
rRNA, tRNA, mRNA, snRNA and snoRNAs (6,7). Among
these, tRNAs are the most heavily modiﬁed; in the yeast
Saccharomyces cerevisiae, every one of the 34 tRNAs that
have been chemically sequenced contains at least nine modi-
ﬁed nucleotides within its  76 nucleotide sequence, and at
least 25 different modiﬁcations to either base or sugar moieties
of tRNAs have been identiﬁed (8).
Genome sequencing has revealed potential new RNA
modifying enzymes in many species. Even in yeast the full
complement of modifying enzymes and cognate modiﬁed
sites remains an open issue; novel modiﬁcation enzymes
are still being described (9). Discovery of RNA modiﬁcation
sites is difﬁcult in part because traditional methods used to
locate and study modiﬁcations [typically primer extension
assays and/or chromatographic analysis (high-performance
liquid chromatography or thin-layer chromatography) of puri-
ﬁed RNAs] have limited throughput. To facilitate large-scale
explorationofRNAmodiﬁcationevents, itwouldbebeneﬁcial
to have a method to analyze modiﬁcations across all non-
coding RNAs in a single assay.
In a previous study using microarrays to analyze processing
of non-coding RNA, we observed that loss of dihydrouridine
modiﬁcation at tRNA positions 16 and 17 in a dus1-D mutant
resulted in increased binding speciﬁcally to the two tRNA
probes on the array that were complementary to those nucleo-
tides. This suggested that the presence of the modiﬁcation
interfered with binding to the array, such that the difference
in afﬁnity between mutant and wild-type could be monitored
by microarray (10). To study such events on a much broader
scale, we subsequently designed a higher density array of
21 939 ﬁfteen to twenty-ﬁve base long oligonucleotides that
begin every 5 bases along all known and predicted yeast non-
coding RNAs in the S.cerevisiae genome, as well as introns
and the 30 ends of mRNAs for which processing sites are
known (for details see Table 1 and Materials and Methods).
This new microarray contains oligos complementary to 70
genomic tRNA transcripts comprising all 42 unique tRNA
species (including 14 that have not previously been analyzed).
We used this array to analyze mutants in each of the four yeast
dihydrouridine synthase enzymes, and used the differential
binding of mutant and wild-type tRNAs to make speciﬁcity
assignments for the four proteins (9).
Here, we have examined in detail whether any of the 17
different types of RNA modiﬁcations can be detected using
oligonucleotide microarrays. We used the 21939-probe array
to perform 25 different mutant versus wild-type comparisons,
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doi:10.1093/nar/gni002following a protocol in which the RNA from the wild-type
cell (which carries the modiﬁcation) and RNA from the
mutant cell (which lacks the modiﬁcation) are labeled and
hybridized to the array in the two separate channels (Cy3
and Cy5). In this way, differential hybridization caused by
the RNA modiﬁcations would be detected as a change in
ratio of Cy3/Cy5 signal from probes complementary to
modiﬁed nucleotides. We successfully detected the following
modiﬁcations: dihydrouridine (catalyzed by Dus1p-Dus4p),
m
1G (catalyzed by Trm1p), m2
2G (catalyzed by Trm1p),
m
1A (catalyzed by the Gcd10p-Gcd14p complex) and m6
2A
(catalyzed by Dim1p). Our results establish a simple rule:
with the exception of dihydrouridine (which severely perturbs
nucleotide architecture), modiﬁcations to the Watson–Crick
surfaceimpactmicroarrayhybridization.Inadditiontoobserv-
inghundredsofknownmodiﬁcationevents,ourdatasuggested
several new modiﬁcation sites, one of which we subsequently
veriﬁed by primer extension analysis. This demonstrates the
general utility of microarrays as a genome-wide tool for RNA
modiﬁcation detection.
MATERIALS AND METHODS
Array construction
Oligonucleotide sequences are contained in the Supplemental
Material.Oligosweredesignedtobecomplementarytoknown
non-coding RNA sequences and ﬂanking regions and were
tiled at 5 nt intervals for most RNAs (intron-containing
mRNAs were tiled every 20 nt and mitochondrial RNAs
every 15 nt; see Table 1 for details). Probe lengths were
adjusted to have a melting temperature of  41 C (11). Ink-
jet microarrays were manufactured by Agilent Technologies
(Palo Alto, CA).
Strains
Homozygous deletion mutants (12) were obtained from
Research Genetics. TetO7-promoter alleles were constructed
as described previously (13). gcd14-1
ts (14) and gcd14-D were
kindly provided by Mercedes Tamame; the dim1-Y131G
strain was provided by Denis Lafontaine. The gcd14-D strain
used for primer extension analysis overexpresses IMT4, which
suppresses the lethal phenotype of the deletion (M. Tamame,
personal communication).
RNA isolation and array analysis
Isogenicwild-typeandmutantstrainswere growninparallelat
30 C in SC medium (with the exception of gcd14-1 which was
grown in YPD+Ade) with shaking in bafﬂed ﬂasks (Bellco) to
ﬁnal cell concentrations matched as closely as possible to
10
7cells/ml. TetO7-promoter strains were exposed to 10 mg/ml
doxycycline for a total of 20–24 h. Cells were harvested and
RNA extracted as described previously (10). An aliquot of
10 mg of DNase I-treated RNA was labeled with Alexa
Fluor 546 or 647 according to the manufacturer’s instructions
(Molecular Probes ‘Ulysis’ kit), ethanol-precipitated and
hybridized to the array as described previously (15). Forma-
mide was added to the ﬁnal concentrations of 25 or 33%, as
described previously (15). Hybridizations were carried out in a
rotating incubator at 42 C for 16–20 h and washed as
described previously (15). Arrays were scanned on an Axon
4000B instrument.
Image processing, array normalization and
data visualization
Scanned images were quantitated with GenePix (Axon Instru-
ments). Individual channels were spatially detrended (i.e.
overall correlations between spot intensity and position on
the slide removed) by high-pass ﬁltering [(16); http://www.
psi.utoronto.ca/~ofer/detrendingReport.pdf] using 10%
outliers. Dye bias was corrected in each slide using the
Lowess smoother from the MAANOVA package (written
by Hao Wu) with 0.3 smoother span. After these steps, the
normalized intensities were converted in log2 ratios of mutant
expression versus wild-type.
Primer extension analysis
Bulk RNA isolated from either wild-type or gcd14-D cells
was used as a template for primer extension assays using a
50 32P-labeled primer (50-GGAGGTCCCACCCGG-30) that is
speciﬁc for tRNAGln
CTG RNA. Approximately 5–10 mg bulk
RNA and primer (0.1 mM) were annealed by heating to 95 C
for 3 min and then cooling to room temperature in a 5 ml
reaction containing 50 mM Tris–HCl, 15 mM NaCl and
10 mM DTT, pH 7.5. Then 2 ml of the annealed mixture of
primer and RNA was used in a primer extension reaction of
10 ml containing 0.4 mM of each dNTP and 4 U AMV-reverse
transcriptase (20 U/ml; Promega). Sequencing reactions also
contained 0.2 mM of each individual ddNTP (ddG, ddA, ddT
orddC).Thereactionswereterminatedafter1hofincubationat
37 C by the addition of an equal volume of formamide/50 mM
EDTA loading dye; subsequently the samples were resolved
on a 15% acrylamide/4 M urea gel and visualized by
phosphorImager.
Data availability
Oligonucleotide sequences on the arrays, and all microarray
data are available at (hugheslab.med.utoronto.ca/Hiley).
Spreadsheets containing the data displayed in Figures 1B
and 2A are also available on the website.
Table 1. Known and predicted yeast non-coding RNAs included on the
microarray
ncRNA Number of transcripts Tiling frequency
35S pre rRNA 1 5
5S rRNA 1 5
Genomic tRNAs 70 5
snoRNAs 84 5
snRNAs 6 5
RNase P 1 5
RNase MRP 1 5
SRP RNA 1 5
Telomerase RNA 1 5
RUFs 8 5
Introns 236 20
Spliced junctions 236 5
Mitochondrial genome features 44 15
mRNA 30 ends 8 20
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RNA modifications detected by microarray
In order to test the general applicability of detecting and map-
ping RNA modiﬁcations by microarray, we analyzed total
RNA from a set of 25 yeast modifying enzymes. At least
one enzyme that catalyzes each of the 17 known modiﬁcations
was examined (Table 2). In each experiment, RNA isolated
fromwild-typecells(labeledwithCy3)andRNAisolatedfrom
mutant yeast cells (labeled with Cy5) were hybridized to a
microarray. The ﬂuorescence in each channel was measured
and compared as a ratio [(mutant RNA ﬂuorescence)/
(wild-type RNA ﬂuorescence)] (for details see Materials
and Methods). Figure 1A shows an example of a detectable
modiﬁcation: the presence of m2
2G at position 26 of LysCTT
tRNA appears to interfere with binding to the probe sequence,
because in probes overlapping position 26 there is a relative
increase in binding of the tRNA in the trm1-D mutant strain
(which lacks the modiﬁcation) compared with the wild-type.
Probes complementary to tRNAs outside of the modiﬁed
region, however, show no difference in binding afﬁnity.
Below, the tRNA is shown in schematic form with rectangles
representing tRNA sequence and thin lines representing
ﬂanking sequence. The relative ﬂuorescence of each probe is
shown above, color-coded according to the scale shown.
tRNA modifications
tRNAs are an ideal target for the analysis of covalent modi-
ﬁcation by microarray: they are abundant, and they are subject
to a wide variety of covalent modiﬁcations at different
positions. The results from microarray analysis of 19 tRNA
modifying enzymes are summarized in Figure 1B. The relative
ﬂuorescence of tRNA-speciﬁc oligonucleotide probes (tiled
Figure1.Detectionofcovalentmodificationbymicroarray.(A)ModificationdisruptsbasepairingbetweenRNAandprobe.Wild-typetRNALysCTT(top)contains
a dimethylguanosine residue at position 26, which disrupts pairing with the probe. trm1-D tRNA LysCTT (bottom) lacks this modification and can pair completely
withtheprobe(seealsoFigure2B).AschematicdiagramofthetRNAisshownbelow.RectanglesrepresentprobescomplementarytotRNAsequence,andthinlines
represent probes complementary to 50 and 30 genomic flanking regions. The relative fluorescence of each probe is indicated by color-coded rectangles above the
schematic diagram (according to the scale on the right); the tRNA nucleotides covered by each oligo are shown. (B) Analysis of strains defective for tRNA
modification. tRNA oligos (ordered from 50 to 30) versus individual experiments (described below the figure) are plotted. Oligos to which there was significantly
betterbindinginthemutanttRNAsamplesareindicatedbyredcolor,asshownbythecolor-barin(A).GroupsofprobescoveringtRNAnucleotidesmodifiedbyeach
enzymeareoutlinedinbluerectangles.Thetypeofmodificationandpositionsknowntobemodifiedbyeachenzymeareshown.OnlytRNAprobeswithratiosatleast
2-fold above wild type are shown.
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experiments is plotted. The ratio of ﬂuorescence (mutant
versus wild-type) to each probe is color-coded according to
the scale shown, with red indicating more efﬁcient binding of
the mutant tRNA to the microarray. The nature of the
modiﬁcations and the nucleotides known to be modiﬁed are
shown for each experiment, and probes complementary to
nucleotides known to be modiﬁed in at least one tRNA are
outlined with blue rectangles. Whereas Figure 1A shows all
oligos corresponding to a single tRNA (and emphasizes the
speciﬁcity of the technique), this Figure summarizes the dif-
ferential hybridization to all 70 tRNA sequences across 21
experiments (and shows the ability of technique to detect
trends that emerge across all experiments). For clarity, we
have included only probes that display at least a 2-fold dif-
ference in binding between mutant and wild-type in one or
more experiments. There is a concentration of red probes
within the blue rectangles, indicating that probes complement-
ary to modiﬁed nucleotides are more efﬁciently bound by
mutant tRNAs than by their wild-type counterparts in nine
Figure 2. tRNA methylation analyzed by microarray. (A) Three different types of detectable methylation. Unique tRNA probes with ratios of at least 2 are color-
coded according to the scale shown and displayed from 50 to 30 of the tRNA sequence. The tRNA isoforms and specific nucleotides covered are shown to the right
of the figure. Oligos predicted to be affected in the each experiment are outlined with blue rectangles. (B) Schematic representation of selected tRNAs. One tRNA
from each of the experiments in which the methylation defect was detected is shown in schematic form as described in Figure 1A. Functional groups involved in
Watson–Crick base pairing are circled in blue; modifications are circled in red.
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GCD10, gcd14-1
ts and the four dihydrouridine synthases.
Figure 2A shows a detailed view of the successfully
detected methylation modiﬁcations. Probes complementary
to known modiﬁed nucleotides are outlined in blue and the
identities of the probes are listed. The trm10-D array specif-
ically detects an increase in mutant binding (i.e. positive
ratios) for oligos covering tRNA nucleotides 1–13 and 6–22,
both of which span position 9 where the m
1G is absent in the
mutant. Oligos complementary to these positions in Ser and
Leu tRNAs, which do not contain the m
1Gmodiﬁcation (8), do
not show differential binding in mutant and wild-type, dem-
onstrating that this technique is speciﬁc for individual tRNA
isoforms. The same speciﬁcity is demonstrated by the exclu-
sion of His and Asp tRNAs from the trm1-D array data and Lys
tRNA from the TetO7-TRM5 data.
Gcd10p and Gcd14p form a complex to catalyze the forma-
tion of m1A attRNAposition 58. Microarrays with conditional
alleles of both of these essential genes show high-ratio probes
spanning position 58. The gcd14-1
ts experiment produces
smaller ratios and affects fewer oligos. Coupled with the
fact that the TetO7-GCD10 strain has a more severe growth
defect than the gcd14-1
ts strain (data not shown) indicates that
the gcd14-1
ts allele is weaker than the tetracycline-regulated
allele of GCD10.
A few high-ratio oligos exist outside of the expected tRNA
regions in the trm1-D experiment and both experiments in
which the Gcd10-Gcd14 complex was disrupted. In the case
of the Gcd10–Gcd14 complex, these probes correspond to
MetCAT oligos, examined in detail in Figure 4D. Probes
with unusual behavior on the trm1-D microarray have pre-
viously been observed as false-positives [see (9) Figure 3,
dus2-D]. It is possible that the loss of modiﬁcation causes
changes in the secondary structure of the tRNAs, which
impacts hybridization to the array.
SelectedtRNAsfromeach ofthesemutant strainsareshown
indetail inFigure2B. Weobserve between oneandthreehigh-
ratio oligos for each tRNA, suggesting that additional factors
beyond the simple presence or absence of the modiﬁed nuc-
leotide can affect binding to the array (see Discussion). How-
ever,onlyoligos complementary tomodiﬁed nucleotidesshow
increased binding to the mutant tRNAs, conﬁrming the ability
of the microarray to detect the oligos complementary to the
modiﬁed nucleotides with good speciﬁcity.
The site and nature of each modiﬁcation is shown on the
nucleotide base diagrams to the right of the tRNAs; the modi-
ﬁed functional group is outlined with a red circle, and func-
tional groups involved in Watson–Crick base pairing are
circled in blue. All of the successfully-detected modiﬁcations
involve methylation of a functional group required for forma-
tion of canonical Watson–Crick base-pairs.
Modifications to other ncRNAs
Covalent modiﬁcation is an important feature of ribosomal
RNA as well as tRNA. Mature ribosomal RNA in S.cerevisiae
contains over one hundred modiﬁed nucleotides; 60% of these
occur in functionally important regions including the peptidyl
transferase centre and the A, P and E sites (17). One of these
modiﬁcations is the m6
2A formation at consecutive nucleotides
Table 2. RNA modification enzymes and their targets
Modification ORF name Gene name Target Detected by
microarray?
Methylation m2
2G YDR120C TRM1 tRNA 26 Yes
m
5U YKR056W TRM2 tRNA 54 No
20OC H 3 YDL112W TRM3 tRNA 18 No
m
5C YBL024W TRM4 tRNA 34, 40, 38, 49 No
m
1G YHR070W TRM5 tRNA 37 Yes
20OC H 3 YBR061C TRM7 tRNA 32, 34 No
m
7G YDL201W TRM8 tRNA 46 No
mcm5U/mcm5s2U YML014W TRM9 tRNA 34 No
m
1G YOL093W TRM10 tRNA 9 Yes
m
1A YNL062C GCD10 tRNA 58 Yes
m
1A YJL125C GCD14 tRNA 58 Yes
m6
2A YPL266W DIM1 18S rRNA 30 terminal loop Yes
20OC H 3 YCL054W SPB1 25S rRNA 2918 No
m
5C YNL061W NOP2 Unknown No
20OC H 3 YDL014W NOP1 Unknown No
Dihydrouridylation D YML080W DUS1 tRNA 16/17 Yes
D YNR01W DUS2 tRNA 20 Yes
D YLR401C DUS3 tRNA 47 Yes
D YLR405W DUS4 tRNA 20:A/20:B Yes
Pseudouridylation C YPL212C PUS1 tRNA 27 No
C YGL063W PUS2 Unknown No
C YFL001W PUS3 tRNA 38, 39 No
C YNL292W PUS4 tRNA 55 No
C YLR165C PUS5 Mitochondrial 21S rRNA 2819 No
C YGR169C PUS6 tRNA 31 No
C YOR243C PUS7 Unknown No
C YLR175W CBF5 rRNA No
Adenosine deamination YGL243W TAD1 tRNA 37 No
i
6A formation YOR274W MOD5 tRNA 37 No
Enzymes in bold were examined in this study.
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fully detected by microarray analysis of a catalytic knockout
(Y131G) of DIM1 (Figure 3). However, the majority of the
modiﬁcations to rRNA, snoRNAs and snRNA are pseudouri-
dine and 20O-methylation [44 and 54 respective occurrences,
(7,18)], neither of which were detected in the experiments pre-
sented here, presumably because they do not strongly affect
Watson–Crick base paring.
Previously undocumented modification events
In addition to the probes complementary to nucleotides known
to be modiﬁed, additional high-ratio probes were observed
on the TetO7-TRM5, TetO7-GCD10 and gcd14-1
ts arrays
(see below). The speciﬁcity demonstrated for known sites
of modiﬁcation led us to speculate that the differential binding
to these probes may indicate previously undocumented sites of
modiﬁcation. In order to separate potential modiﬁcation sites
from noise in the data, we looked at the intensity of each of
these probes, as well as the behavior (ratio and intensity) of
overlapping probes in the same region. We reasoned that at
least two high-ratio, overlapping probes with intensities >10-
fold above background may indicate the presence of a novel
site of modiﬁcation.
Our microarray contains probes complementary to 14
tRNAs whose RNA sequences are not contained in the pub-
licly available Bayreuth database (8). At least two of these
tRNAs show hybridization patterns consistent with modiﬁca-
tionatpositionsknowntobemodiﬁedin othertRNAs:m1G37
in ArgCCG and m1A 58 in GlnCTG isolated from GCD10/14
complex mutants. Schematic diagrams of each of these tRNAs
with ratios from the relevant array are shown in Figure 4A. In
order to conﬁrm the microarray observations, these tRNAs
were examined using primer extension analysis.
We conﬁrmed the modiﬁcation at position 58 of GlnCTG by
primer extension analysis. To rule out the possibility of con-
tamination by hybridization to the major tRNA GlnUUG spe-
cies (which were already known to contain m
1A 58), we used a
probe for primer extension that spanned a region at the 30 end
which overlaps one of the positions that differs between
tRNAUUG and tRNACUG species (Figure 4B). Using this
primer, a block is observed at position A59 in the RNA
from wild-type cells (Figure 4C, lane 2), consistent with the
presence of m
1A 58; this block is absent in RNA from mutant
cells (Figure 4C, lane 1), which extends to the 50 end of the
tRNA. The sequencing reactions demonstrate the speciﬁcity of
theprimerforthistRNAspecies(Figure4C,lanesC,T,AandG)
since the sequence at the positions indicated by arrows are all
those of the tRNAGlnCUG isoform (C34, A42 and A52). The
ArgCCG tRNA failed to yield visible primer extension pro-
ducts, possibly because it is a single-copy tRNA and of low
abundance.
The Gcd10/Gcd14 complex is responsible for methylating
the N1 group at A58 in many yeast tRNAs. We noted that in
addition to position 58-speciﬁc probes, oligos speciﬁc for the
elongator Met tRNA nucleotides 11–25 and 16–30 had high
ratios in both the TetO7-GCD10 and gcd14-1
ts arrays
(Figure 4C). Unlike other high-ratio oligos, differential
binding to these probes was sensitive to the formamide
concentration in the hybridization buffer; the ratios of probes
2125 and 2126 were signiﬁcantly higher on arrays hybridized
in 33% formamide than 25% (Figure 4C; see text below). We
were unable to use primer extension analysis to determine
whether one or more of the nucleotides in the overlapping
region (tRNA nucleotides 16–25) is modiﬁed in this tRNA
because the proximity of the known m2
2G modiﬁcation to the
proposed site of modiﬁcation interfered with binding of the
probe(datanotshown).Whenanalyzedbydenaturinggelelec-
trophoresis and northern blotting, elongator Met tRNA from
wild-type and conditional GCD10/14 complex mutants did not
show any differential hybridization to probe sequences
complementary to nucleotides 16–25 (data not shown).
Taken together with the microarray results, this suggests that
thedifferentialbindingobservedatthelowformamideconcen-
tration is caused by a secondary structure effect rather than a
covalentmodiﬁcation.Althoughthisphenomenonhasnotbeen
fully characterized, it is intriguing that the effect is speciﬁcally
observed in the Met tRNA because of the well-established,
Figure3.18SrRNAmodificationbyDim1p.Aschematicdiagramofthe30 portionof18SRNAfromthedim1-Y131Gmicroarrayisshown.The18Soligowiththe
highest ratio was 11157, complementary to the modified adenosines in the 30 terminal loop of the RNA, shown below.
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uration of the initiator Met tRNA (14).
DISCUSSION
We have designed a tiling microarray to assay all known and
several predicted non-coding RNAs in S.cerevisiae . We used
this array to demonstrate that a subset of covalent RNA mod-
iﬁcations could be detected by microarray: loss of modiﬁca-
tion in mutant strains enabled speciﬁc portions of tRNAs to
bind more efﬁciently to the array than the modiﬁed, wild-type
tRNA. Modiﬁcations that were successfully detected include
both dihydrouridine and methylation of base functional groups
directly involved in Watson–Crick base pairing. We further
conﬁrmed the utility of the array in detecting previously undo-
cumented modiﬁcations, one of which we conﬁrmed with
primer extension experiments.
We do observe a signiﬁcant number of false-negative
probes, i.e. not all probes covering the modiﬁed nucleotides
were more efﬁciently bound by the mutant tRNAs. This may
be caused by the potential secondary structure in either the
probes or the tRNAs themselves. In some cases, these may be
overcome by changing hybridization stringency and/or probe
length; however, we note that regardless of the RNA sample,
hybridization stringency, or oligo probe length, we observed
more efﬁcient binding of the 50 and 30 ends of tRNAs com-
pared with binding to probes covering the middle sections of
tRNAs (Supplementary Material and data not shown).
Figure4.Novelmodificationevents.(A)PotentialnewtargetsforTrm5andtheGcd10/Gcd14complex.ModificationsandtargetsitesareproposedforthreetRNAs
whoseRNAsequenceshavenotbeenpublishedandRNAmodificationprofilesareunknown.(B)Demonstrationofm1A58modificationintRNAGlnCUG.Inferred
RNAsequenceoftRNAGlnCUGshowingthepositionoftheprimerusedtodetectm1Amodificationatposition58(highlightedinblue).Thefourpositionsthatare
underlined are the residues of this minor tRNA species that differ from the sequence of the other two previously characterized tRNAGln isoforms (both
tRNAGlnUUG). The residues found at those positions in tRNAGlnUUG are shown in parentheses above. (C) Primer extension analysis of RNA derived from
either gcd14-D (lane 1) or wild-type cells (lane 2). Lanes C, T, A and G are sequencing lanes of the primer extended RNA. (D) Two elongation-specific tRNA Met
oligos show formamide-dependent differential hybridization in GCD10/GCD14 mutants. A schematic diagram and the corresponding values in the chart show that
probescoveringMetenucleotides11–25and16–30exhibitedhighratiosinbothexperimentstargetingtheGCD10–GCD14complex.tRNAandprobesequencesare
shown below; the overlapping region, Mete 16-25, is outlined in red. The table to the right shows the difference in ratio of representative probes for two formamide
concentrations.
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array to detect any given modiﬁcation: modiﬁcations that
involve the placement of one or more methyl groups on a
functional group involved in Watson–Crick base pairing
were efﬁciently detected, and those that involve methylation
of the opposite face of the base or the sugar were not. The
simplest explanation for this is that the presence of the methyl
group directly interferes with base pairing to the probe
sequences; absence of the methyl group in the mutant
improves binding. This explanation is consistent with the
observation that single-base mismatches are efﬁciently
detected by microarray (15,19). The exception to this is the
exceptionally good detection of dihydrouridine modiﬁcations
described previously (9). Dihydrouridine contains two addi-
tional hydrogen atoms, at positions ﬁve and six of the base.
The presence of these hydrogens not only changes the sugar-
pucker of the ribose, but removes the double bond between C5
and C6, seriously perturbing the architecture of the six-
membered ring and moving the N3 and O4 functional groups
out of alignment for Watson–Crick base pairing (4).
If the disruption of Watson–Crick base pairing is sufﬁcient
for the detection of modiﬁcation, we would expect to have
successfully detected the modiﬁcations catalyzed by Tad1p
and Mod5p. Tad1p catalyzes the deamination of adenosine
to inosine, converting the hydrogen bond donor N6 to oxygen.
Because this modiﬁcation involves the substitution of NH2 for
O, rather than the addition of a bulky methyl group, it is likely
that it is less disruptive to Watson–Crick base pairing. The
presumably small difference in binding efﬁciency may be
detected if the RNAs were hybridized in a different combina-
tion of salt and formamide concentrations or at a different
temperature. In addition, this modiﬁcation only occurs at nuc-
leotide 37 of tRNA AlaAGC, a position covered by only three
probes on the array. Mod5p catalyzes the addition of an iso-
pentyl group to the N6 position of tRNA A37. It is expected
that the attachment of this bulky group to the Watson–Crick
face of adenosine would interfere with base pairing and there-
fore be detectable by microarray; however, an i6A-modiﬁed
nucleotide retains one amino proton available for hydrogen-
bonding, and can form a base pair. Consistent with this, the
i6A modiﬁcation is not a primer extension block (J. Jackman
and E. Phizicky, unpublished data). Furthermore, this modi-
ﬁcationoccursinonlyafewtRNA isoforms (Ser,Cysand Tyr)
and none of the (relatively few) oligos on the array that are
complementary to these sequences is detected above back-
ground. Taken together, these data suggest that it is the dis-
ruption of base pairing potential, rather than the simple
presence of a methyl group on the Watson–Crick face of
a nucleotide, that renders a modiﬁcation detectable by
microarray.
While it is logical that the addition of one or more bulky
methyl groups to the Watson–Crick face of a nucleotide inter-
feres with the ability of that nucleotide to form a base pair, the
predicted effect of pseudouridine modiﬁcation on base pairing
is not as straightforward. Pseudouridine contains a C–C gly-
cosyl bond linking base and sugar, and an additional hydrogen
bond donor in the free N
1H group. Although these changes do
not directly affect the Watson–Crick face of the base, they do
act to increase local base stacking in both single- and double-
stranded regions (5) and might be expected to increase the
afﬁnity of the modiﬁed RNA to the microarray. We examined
the differences in hybridization between wild-type RNA and
RNA from two pseudouridine synthase mutants (pus4-D and
pus7-D) and were not able to detect any differences in base
pairing efﬁciency, positive or negative.
Historically, one of the most common ways to detect modi-
ﬁed nucleotides at speciﬁc positions was via primer extension
analysis. For several modiﬁcations (e.g. m
1G and m2
2G), the
presence of the modiﬁed nucleotide is sufﬁcient to disrupt
elongation of the template and cause a primer extension stop
atthesiteofmodiﬁcation.Individualmodiﬁcationsareassigned
tospeciﬁcenzymeswhenthestopisnotpresentinRNAisolated
from strains with mutant alleles of the enzyme responsible for
the modiﬁcation (20,21). Other modiﬁcations are not sufﬁ-
ciently disruptive to the polymerase and can only be detected
byprimerextensionafterchemicalmodiﬁcationofthemodiﬁed
nucleotide. Methods have been developed to detect both pseu-
douridine and dihydrouridine in this way (9,22). It may be
possible to apply a similar strategy for the detection of addi-
tional modiﬁcations by microarray; the attachment of a bulky
group, such as CMCT speciﬁcally to pseudouridine residues,
maydisruptbasepairingtotheprobeandallowdetectionofthe
modiﬁcationbymicroarray.Similarchemicalstrategiesmaybe
possible for the detection of 20OMe and other modiﬁcations,
including DNA methylation, which has been shown to be an
important epigenetic silencing method (23,24). DNA replica-
tion in Escherichia coli is regulated by methylation of N6 of A
residues (which are involved in Watson–Crick base pairs) and
could in principle be detectable by microarray (25).
Recent years have seen the roles played by RNA molecules
in the cell increase from the simple translator between of DNA
and protein, to include regulationofgeneexpression (26),both
structural and catalytic roles in protein synthesis (27) as well
as roles in processing of other RNA molecules (2). It remains
to be seen how many newly discovered RNA classes will
also feature modiﬁcations. The method presented here for
directly detecting the modiﬁcation events provides the ﬁrst
example of a genome-wide screen for RNA modiﬁcations,
and further optimization should extend the scope of the
technique, contributing to our understanding of basic RNA
functions in the cell.
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